Abstract: This study investigates the relationship between the nuclear power proportion and CO 2 emissions per capita using the panel dynamic ordinary least square method. The panel datasets consist of 18 countries covering 95% of the global nuclear reactors. The results indicate that a long-term 1% increase in nuclear power led to a 0.26-0.32% decrease in CO 2 emissions per capita. Additionally, in France, Germany, and Switzerland they demonstrate the existence of the environmental Kuznets curve-an inverted U-shaped relationship between environmental pollution and income per capita.
Introduction
Nuclear power is an important means of reducing greenhouse gas emissions. The International Energy Agency (IEA) [1] proposes reduction measures such as demand management, energy efficiency improvement, carbon capture and storage, new and renewable energy, and nuclear power to hold the increase in global temperature below 2 • C above the pre-industrial level. It predicts that nuclear power use will increase to account for 15% of all annual greenhouse gas reductions by 2050. The Intergovernmental Panel on Climate Change [2] also highlights the benefit of nuclear power over other energy sources in terms of greenhouse gas emissions. It estimates the CO 2 emissions coefficient for nuclear power over its life cycle as 12 tCO 2 /GWh, which represents a 40-fold reduction from the emissions coefficient of liquefied natural gas at 490 tCO 2 /GWh and a 68-fold reduction over that of coal at 820 tCO 2 /GWh. The International Atomic Energy Agency (IAEA) [3] emphasizes the role of nuclear power in achieving sustainable development and mitigating CO 2 emissions in developing countries. IAEA [4] further presents the contribution of nuclear power to CO 2 mitigation by showing that over the period 1970-2013, hydropower avoided 87 Gt CO 2 , nuclear power avoided 66 Gt CO 2 , and other renewables avoided 10 Gt CO 2 , respectively.
Recently, several studies attempted to investigate the relationship between nuclear power and CO 2 emissions in the context of the environmental Kuznets curve (EKC) framework [5] [6] [7] . The original EKC hypothesis presumes an inverse U-shaped relationship between environmental pollution and income per capita (we refer readers to Kaika and Zervas [8] for an extensive overview of this topic). According to this hypothesis, the deterioration of the environment increases with income per capita during the initial stages of economic growth, but decreases with income per capita after arriving at a certain turning point. Research shows that the EKC hypothesis is explained through three channels: scale effect, composition effect, and technique effect [9] . Holding other effects constant, the scale effect is that emissions tend to rise proportionally as the scale of economic activity increases; the composition effect is that emissions can fall if an economy transits toward producing a set of goods that are cleaner and less polluting; the technique effect is that emissions can fall as cleaner techniques a panel unit root test suggested by Im, Pesaran, and Shin (IPS) [27] is conducted to check whether time-series variables in the datasets are stationary. Second, if the variables are not stationary, a panel co-integration test suggested by Pedroni [28] is used to assess whether the variables are characterized by a co-integration relation. Finally, if there is a co-integration relation among the variables, the econometric model in this study is estimated by using the PDOLS method.
Panel Unit Root Test
Prior to the PDOLS analysis, as a first step, the IPS test as a panel unit root test is conducted to check for the stationarity of time-series variables. Though the panel datasets in this study are unbalanced, the IPS test is known to be applicable for unbalanced panels. The following augmented Dickey-Fuller (ADF) regression model is estimated for the IPS test:
where i (=1, 2, ..., N) is the number of cross-sectional data, t (=1, 2, ..., T) is the number of time-series data, ∆ represents the first difference of each variable, y i, t is each variable under consideration in the econometric model, α i is the individual fixed effect, p is the number of lags to remove serially correlated errors, and i,t is the error term. The null hypothesis of the IPS test is that all panels contain a unit root (H 0 : β i = 0 for all i). The alternative hypothesis is that the fraction of panels is stationary (H a : β i < 0 for at least one i). The IPS test relaxes the assumption that all panels have a common autoregressive parameter β. Instead, it allows for the heterogeneity of β indexed by i. The IPS test conducts individual panel unit root tests for N number of cross-section units, and then the IPS t-bar statistic t is based on the average value of individual ADF statistics as follows:
where t iT is the value of the individual ADF statistic. IPS [27] shows that if the t statistic is properly standardized, it is asymptotically standard normally distributed as follows:
Panel Co-Integration Test
Once each of the variables contains a panel unit root and is thus integrated of order one, I(1), as a second step, there needs to be a check for the relationship of co-integration among variables. Pedroni [28] proposes a method to check for a co-integration relationship among variables when multiple independent variables exist. The following regression model is estimated for Pedroni's [28] panel co-integration test:
where i (=1, 2, ..., N) is the number of cross-sectional data, t (=1, 2, ..., T) is the number of time-series data, m (=1, 2, ..., M) is the number of independent variables, y i,t is the dependent variable, x mi,t is the independent variable, and e i,t is the error term. The individual fixed effect α i and the slope coefficient β mi are permitted to vary across cross-sections. The estimated residuals from the above equation are structured as follows:ê i,t =γ iêi,t−1 +μ i,t ,
Regarding the estimated residuals as above, Pedroni [28] proposes seven test statistics to check for co-integration relationships in nonstationary panels. These seven statistics can be divided into two The null hypothesis of no co-integration for both types is H 0 : γ i = 1 for all i; however, their alternative hypotheses are different. The alternative hypothesis for the "panel" statistics is H a : γ i = γ < 1 for all i, whereas the alternative hypothesis for the "group-mean" statistics is H a : γ i < 1 for all i. Pedroni [28] derives asymptotic distribution and critical values for the seven test statistics via Monte Carlo simulation. The asymptotic distributions for each of the seven test statistics can be expressed as follows:
where χ N,T is the properly standardized form for each of the seven test statistics, and µ and υ are the mean and variance adjustment terms, respectively. While Panel v statistic for a one-sided test diverges to positive infinity as the other test statistics diverge to negative infinity, the null hypothesis of no co-integration is rejected. Baltagi [29] states the intuition of rejection of the null hypothesis as follows: "Rejection of the null hypothesis means that enough of individual cross-sections have statistics 'far away' from the means predicted by theory were they to be generated under the null".
Panel Dynamic Ordinary Least Squares
After determining the relationship of co-integration among variables, the econometric model can be estimated by using the PDOLS method developed by Pedroni [26] . The PDOLS estimator accounts for endogeneity in the regressors and serial correlation in the errors by including leads and lags of differenced endogenous variables as instruments. The PDOLS model in this study is as follows:
where CO 2 is the CO 2 emissions per capita, GDP is the gross domestic product per capita, Nuc is the electricity production from nuclear power (the ratio of electricity produced from nuclear power to total electricity), −K i and K i refer to leads and lags of differenced endogenous variables, and i,t is the error term. Pedroni's [26] PDOLS model allows for the heterogeneity of the β coefficient between dimensions. This flexibility is an important advantage in the presence of heterogeneity of the co-integrating vectors. The group-mean PDOLS value indicates the average value of the individual β coefficient between dimensions, and can be described as follows:
whereβ D,i indicates the DOLS of the individual i.
The EKC Hypothesis for the Model
One representative variable that influences CO 2 emissions is the GDP variable. The EKC hypothesis assumes increasing CO 2 emissions during the early period of economic growth, followed by decreasing CO 2 emissions when the economy is at a certain level of development. In other words, the EKC hypothesis assumes an inverted U-shaped relationship between the CO 2 emissions and GDP. Validating the EKC hypothesis is a widely-studied topic, and represents a leading research area for the relationship between CO 2 emissions and GDP. This study avoids the construction of an ad-hoc model in analyzing changes in CO 2 emissions regarding changes in nuclear power proportion in this respect, but adds nuclear power proportion as an additional variable to the well-known EKC model. A similar attempt is utilized by Iwata et al. [5] [6] [7] . It is expected that β 1 has a positive value while β 2 has a negative one if the EKC hypothesis is valid for (7). Moreover, if there is an inverse relationship between nuclear power proportion and CO 2 emissions per capita, it is expected that β 3 has a negative value.
Data
Countries with more than four operating nuclear reactors as of October 2016 were selected as the targets of this study. The total number of operable nuclear reactors worldwide is 444, with 100 reactors operated by the United States-the country most active in nuclear energy at the time of writing. The U.S. is followed by France, with 58 reactors, Japan, with 43 reactors, China, with 36 reactors, Russia, with 36 reactors, and Korea, with 25 reactors. Including these countries, the countries with more than four nuclear reactors in operation total 19. Slovakia currently operates four nuclear reactors, but is excluded from the analysis due to difficulties in accessing data. Table 1 provides an overview. CO 2 emissions per capita, GDP per capita, nuclear power proportion, and renewable energy proportion during 1970-2015 were collected from Enerdata [31] for each country. CO 2 emissions are measured as metric ton per capita, GDP is measured in current U.S. dollars, nuclear power proportion is the ratio of electricity produced from nuclear power to total electricity, and renewable energy proportion is the ratio of electricity produced from renewable energy to total electricity. Renewable energies include hydro, wind, and solar energy. Figure 1 shows the trends of CO 2 emissions per capita for the 18 analyzed countries during the years from 1970 to 2015. The U.S. has the highest CO 2 emissions per capita, followed by Canada, Korea, China, the Czech Republic, and Germany, in 2015. The trends in CO 2 emissions per capita can be divided by countries experiencing an increase or decrease. The U.S. shows a decreasing trend, while Korea exhibits an increasing trend, for example. France has the highest nuclear power proportion, with more than 75% of its electricity generated by nuclear plants as of 2015, followed by Slovakia, Ukraine, Hungary, Switzerland, and Belgium. Regarding Japan, almost 25% of total electricity was produced from nuclear power in 2011 prior to the Fukushima nuclear power plant incident; however, the reactors have since ceased operating, with almost 0% of electricity from nuclear as of 2015. France has the highest nuclear power proportion, with more than 75% of its electricity generated by nuclear plants as of 2015, followed by Slovakia, Ukraine, Hungary, Switzerland, and Belgium. Regarding Japan, almost 25% of total electricity was produced from nuclear power in 2011 prior to the Fukushima nuclear power plant incident; however, the reactors have since ceased operating, with almost 0% of electricity from nuclear as of 2015. Figure 1 France has the highest nuclear power proportion, with more than 75% of its electricity generated by nuclear plants as of 2015, followed by Slovakia, Ukraine, Hungary, Switzerland, and Belgium. Regarding Japan, almost 25% of total electricity was produced from nuclear power in 2011 prior to the Fukushima nuclear power plant incident; however, the reactors have since ceased operating, with almost 0% of electricity from nuclear as of 2015. Table 2 indicates the results of the IPS test, which is divided into two cases, where the time-series variable is level or the first difference. When the time-series variable is level, all variables were non-stationary, except for the nuclear power proportion variable in the case of the first difference; however, all variables were found to be stationary. Therefore, the panel unit root test indicates that each variable is integrated of order one, I(1), except for the nuclear power proportion variable. Table 3 shows the results of the panel co-integration test proposed by Pedroni [28] . While the panel statistic ν nears positive infinity, or as the other statistics approach negative infinity, the null hypothesis of no co-integration relationship is rejected [29] . Table 3 shows there is a statistically significant co-integration relationship among CO 2 emissions, GDP, and renewable energy proportion. Given the presence of a co-integration relationship among the variables, the PDOLS model for nonstationary heterogeneous panels was estimated to analyze changes in CO 2 emissions regarding changes in nuclear power proportions. Table 4 shows the results of the PDOLS estimates. The group-mean PDOLS estimates indicate that all coefficients are statistically significant. The results for the validation of the EKC hypothesis indicate that the hypothesis is valid within the analysis period, with values of β 1 = 0.3133, and β 2 = −0.02769. Considering that most countries operating nuclear reactors are advanced countries, these results are to be expected. β 3 was found to be −0.3233, indicating an inverse relationship between the nuclear power proportion and CO 2 emissions per capita. This indicates that a long-term increase of 1% in the nuclear power proportion leads to a 0.32% decrease in CO 2 emissions per capita during the analysis period.
Results

Estimation Results
PDOLS analysis also shows the DOLS values for individual countries. First, the countries with conditions that validated the EKC hypothesis were France, Russia, India, Sweden, Germany, and Switzerland. Second, countries with inverse relationships between nuclear power proportion and CO 2 emissions per capita were the U.S., France, Japan, China, Korea, Canada, Ukraine, the United Kingdom, Germany, and Switzerland. Finally, the only three countries of the 18 analyzed meeting both conditions of valid EKC hypothesis and inverse relationships between nuclear power proportion and CO 2 emissions per capita were France, Germany, and Switzerland. Note: * p < 0.1, ** p < 0.05, *** p < 0.01. The numbers in parentheses are t-statistics for the corresponding coefficient.
Besides the nuclear power proportion variable, the PDOLS analysis was carried out, including a renewable energy proportion variable. Table 5 summarizes the analysis results. There were no meaningful differences between the analysis results shown in Table 4 in terms of the group-mean PDOLS estimates. All coefficients were found to be statistically significant, with β 1 = 0.3289 and β 2 = −0.05561, thus satisfying the EKC hypothesis. The nuclear power proportion, β 3 , is −0.2754, which is slightly lower than the previous results. The renewable energy proportion, β 4 , is −0.1092, which is lower than the coefficient for nuclear power proportion; however, as expected, an inverse relationship was found between the renewable energy proportion and CO 2 emissions per capita. Note: * p < 0.1, ** p < 0.05, *** p < 0.01. The numbers in parentheses are t-statistics for the corresponding coefficient.
When the analysis included the renewable energy proportion variable, there were no meaningful differences in the DOLS values for each country. Compared with the results in Table 4 , countries with inverse relationships between nuclear power proportion and CO 2 emissions per capita were the U.S., France, China, Canada, Ukraine, the United Kingdom, Germany, and Switzerland. These countries demonstrated robust results, but Japan and Korea are excluded from the results. When the analysis included the renewable energy proportion variable, the countries with both valid EKC hypothesis and inverse relationships between nuclear power proportion and CO 2 emissions per capita were still the three previous countries of France, Germany, and Switzerland.
One Possible Implication
James Hansen is one of the first scientists to raise concerns about global climate change, and argues that 115 new reactors per year should be built by 2050 to avoid the worst effects of climate change [32] . His argument-which sounds rather extreme-is based on the claim that the 100% renewable scenarios are not realistic at all, and large amounts of nuclear power should close the energy gap. Here, we attempt to evaluate his argument based on the main findings of this study.
As of 2015, the average CO 2 emissions per capita and nuclear power proportion for the 18 countries in this study are 5.93 metric tons and 14%, respectively [31] . Suppose that the reduction target for those countries is set to be a 20% cut in CO 2 emissions per capita from 1990 levels and the target could be reached only by nuclear power. Then, the nuclear power proportion would need to extend from 14% to roughly 48-64% to achieve the target, based on the result that the estimated long-run elasticity of CO 2 emissions per capita on nuclear power proportion is about 0.26-0.32%. Although the proportion to be raised is not an exact figure and cannot be directly comparable to Hansen's suggestion, the main message is the same: nuclear power is the most urgent component of decarbonization-at least, in the near future.
Conclusions
This article investigates the impact of nuclear power generation on CO 2 emissions by estimating the EKC with nuclear energy as an additional variable. The datasets encompass 18 countries with more than four nuclear reactors in operation during 1970-2015, thus covering approximately 95% of the number of nuclear reactors worldwide. PDOLS was employed as an estimation methodology to fully capture information from panel datasets.
The estimation results indicated that a long-term increase of 1% in the nuclear power proportion led to a 0.26-0.32% decrease in CO 2 emissions per capita. Regarding individual countries, countries with robust inverse relationships between nuclear power proportion and CO 2 emissions per capita were the U.S., France, China, Canada, Ukraine, the United Kingdom, Germany, and Switzerland. Additionally, countries with both valid EKC hypothesis and inverse relationships between nuclear power proportion and CO 2 emissions per capita were France, Germany, and Switzerland. One possible implication of the estimation results is that the average nuclear power proportion for the 18 countries would need to extend from the 2015 level of 14% to approximately 48-64% to reduce CO 2 emissions per capita by 20% below 1990 levels.
To conclude, the findings in this paper provide empirical evidence for the claim that nuclear power can contribute to reducing greenhouse gas emissions, while meeting the ever-increasing demand for energy. It is true that several OECD countries (e.g., France, Germany, recently South Korea, and Taiwan) have decided to lower the weight of nuclear power generation in their energy mix due to its potential catastrophic risks. However, nuclear power is still of importance to other countries-particularly developing ones-because it has a large, well-developed, and plentiful resource base as well as potentially favorable economics over other energy sources. The situation in each country is different; hence, the nuclear power option should be kept open under the Paris Agreement for parties that wish to include it and thereby enhance the cost effectiveness of their climate change mitigation actions. 
Then, the seven test statistics are constructed with the appropriate terms described above. Details on how these statistics are constructed are discussed in Pedroni [28] . 
